In comparative phylogenetic and population genetic studies, one of the most crucial steps is to select appropriate DNA markers, a decision based primarily on the estimated variation in markers in cross-taxonomic surveys. To assess whether genetic variation at the intraspecific level in one species predicts the variation in another closely related species we used two congeneric species of Cereus (Cactaceae: Cereeae). We screened and characterized eight noncoding plastid regions (trnS-trnG, atpI-atpH, trnT-trnL, psbD-trnT, petL-psbE, 3'rps16-5'trnk, trnG intron, and trnL intron), and one nuclear gene (PhyC) in Cereus fernambucensis and C. hildmannianus. A total of 40 individuals from 15 populations were characterized according to nucleotide diversity, number of haplotypes, and number of potentially informative characters. The results revealed that nucleotide substitutions and indels are the main source of variation, with the largest divergence between species found in trnS-trnG. The trnL intron and petL-psbE showed intraspecific variability in both species. The psbD-trnT, atpI-atpH, trnS-trnG, and trnT-trnL, which are the most variable regions in one species, showed no variation in the other. Finally, the nuclear gene PhyC showed more resolution between Cereus species than within species. We thus found considerable heterogeneity among widely used plastid markers, even between closely related species, and suggest the use of PhyC as a marker for phylogenetic inference in these species. These results reinforce the need of screening as a preliminary step to conduct phylogeographic or phylogenetic studies in face of unpredictable sequence variation of molecular markers in plants.
Introduction
Historically, chloroplast DNA (cpDNA) has been considered the most suitable genome to use for phylogeographic studies in plants (Avise, 2009) . The wide taxonomic spectrum reached by "universal primers" (Taberlet et al., 1991; Shaw et al., 2005) allowed the use of noncoding cpDNA sequences for molecular work in systematics at a higher taxonomic level, but also proved useful in population-level studies (e.g.trnT-trnF, Taberlet et al., 1991; trnK-matK, Johnson and Soltis, 1994) . A large screening of universal primers used for plant taxa classified the utility of noncoding cpDNA regions according to their slow and fast mutation rates (Small et al., 1998; Shaw et al., 2005; Prince, 2015) . In addition, low and single copy nuclear markers have also been included in phylogenetic and phylogeographic studies to enhance resolution (see Zimmer and Wen, 2012) . However, a well-known phenomenon of substitution rate variation among plant lineages (Romeiro-Brito et al., 2016) has increased the search for universally informative regions that enables the researchers to select the most suitable markers for comparative studies in phylogeny, biogeography, and population genetics analyses. Shaw et al. (2005 Shaw et al. ( , 2007 have identified a series of plastid regions that are likely variable, at least for species-level comparisons. These candidate regions have been employed routinely in phylogenetic studies. However, the usefulness of these markers is not phylogenetically constrained and thus largely unpredictable. In molecular dating analyses, early methods assuming rate auto-correlation (e.g. r8s, Sanderson, 2003) have been largely superseded by those that allow this assumption to be relaxed (e.g. BEAST, Drummond et al., 2006) , in accordance with studies that indicate that lineage-specific substitution rates are in fact the rule rather than the exception (Gustafsson et al., 2010; Romeiro-Brito et al., 2016) .
Although the degree of genetic variation within a marker bears directly on the power and reliability of all subsequent analyses, the usefulness of universal markers at low taxonomic levels remains largely unexplored. Our aim is to assess whether genetic variation at the intraspecific level in one species predicts the variation in a closely related species. To investigate this, we use two South American congeneric cacti species: Cereus fernambucensis and C. hildmannianus (Cactaceae: Cereeae).
Material and methods
We screened molecular markers from noncoding plastid regions described as showing different levels of Potentially Informative Characters (PICs; Shaw et al., 2005) across angiosperms, according to Shaw et al. (2005 Shaw et al. ( , 2007 these were categorized as low (trnL intron), medium (trnG intron), and high variation (trnS-trnG, trnT-trnL, atpI-atpH, 3'rps16-5'trnk, psbDtrnT, and petL-psbE) regions. We also included the low copy nuclear gene phytochrome C (PhyC), as nuclear genes complements plastid DNA in phylogenetic studies, especially in order to infer species trees from unlinked markers (Pamilo and Nei, 1988) . The sampling included 40 individuals from C. fernambucensis and C. hildmannianus distributed among 15 populations in eastern South America (Table 1, Fig. 1 ).
Genomic DNA was extracted from root tissues using the DNeasy Plant Mini Kit (Qiagen). Total DNA was quantified on a 1% agarose gel through a comparison with the molecular weight marker Low DNA Mass Ladder (Invitrogen). A polymerase chain reaction (PCR) was run with the following reaction: 1x reaction buffer, 3.0 mM MgCl 2 , 200 mM of each dNTP, 0.1 mM of each primer, 1.25u GoTaq ® Flexi DNA Polymerase (Promega), 10e60 ng template DNA, and nuclease-free water to a total volume of 25 mL. Primer sequences are given in Table 2 . In C. fernambucensis, different concentrations of MgCl 2 were used for the PCR amplification of the trnL intron and trnS-trnG (1.5 mM), and psbD-trnT and petL-psbE (4.8 mM). For C. hildmannianus it was necessary to use different concentrations of MgCl 2 and/or Taq DNA polymerase in the trnG intron (1.5 mM MgCl 2 and 0.4 U Taq), and trnS-trnG (1.5 mM MgCl 2 ). PCRs were performed with a Mastercycler Gradient (Eppendorf AG, Hamburg, Germany), following Shaw et al. (2005 Shaw et al. ( , 2007 , with annealing temperatures varying according to each marker, without ramp step. For C. fernambucensis: 50 C for 3'rps16-5'trnk and trnT-trnL; 52 C for psbD-trnT, petL-psbE and trnG intron; 62 C for trnS-trnG and trnL intron; and 56 C for atpI-atpH. For C. hildmannianus: 50 C for 3'rps16-5'trnk, trnT-trnL, psbD-trnT, petL-psbE, trnG intron, trnL intron, atpI-atpH and 62 C for trnS-trnG. For PhyC amplification, PCR conditions followed Helsen et al. (2009) , with a modification of the annealing temperature of C. hildmannianus to 54 C. The quality of the PCR products was evaluated on a 1% agarose gel, stained with SYBR safe and purified with ExoSAP-IT for the C. fernambucensis samples and with the GFXTM PCR and Gel Band Purification kit (GE Healthcare) for the C. hildmannianus samples.
Sequencing was performed with the Big Dye terminator, version 3.1 cycle sequencing kit (Applied Biosystems) and a Gene Amp PCR System 9700 thermocycler (Applied Biosystems, Foster City, CA, USA). Chromas 1.5 (Technelysium Pty Ltd., Tewantin, Australia) was used for the assembly of forward and reverse DNA sequences. Sequences were aligned and edited using ClustalW (Thompson et al., 1994) , employed in BioEdit (Hall, 1999) .
The number of haplotypes (Hap) and the nucleotide diversity (p) were estimated using DnaSP v.5.1 (Librado and Rozas, 2009 ). PICs were computed for each molecular marker by adding the nucleotide substitutions, indels, and inversions (NS, ID, and IV, respectively). In order to obtain the proportion of variable sites (% variability), the PIC value was divided by the total length of the sequence (L) and multiplied by 100.
Results
A total of 90 novel DNA sequences from nine molecular markers were generated (Table 1 ). The index of nucleotide diversity and the number of haplotypes (Table 3) indicated that of the eight noncoding regions that were sampled, trnS-trnG and psbD-trnT had the highest variability in C. fernambucensis, whereas atpI-atpH, petL-psbE, and the trnL intron were the most variable markers in C. hildmannianus (in decreasing order of variation). For the nuclear gene PhyC, nucleotide diversity was lower, but the number of haplotypes was similar to the plastid regions. Table 1 GenBank accession numbers and location codes of samples used in this study for eight noncoding plastid DNA markers and the nuclear gene PhyC. The main sources of variability were nucleotide substitutions and indels (Table 3) , of which only two substitutions and three indels were found in seven or more mononucleotide repeats in the cpDNA sequences. Genetic variability ranged at the intraspecific level from 0.19% to 2.8% in C. fernambucensis, 0.17%e0.34% in C. hildmannianus, and from 0.28% to 3.9% at the interspecific level. Six of the tested regions presented intraspecific variability in C. fernambucensis (trnS-trnG, trnL intron, trnTtrnL, psbD-trnT, petL-psbE, and PhyC) and four presented intraspecific variability in C. hildmannianus (atpI-atpH, petL-psbE, trnL intron, and PhyC). Three markers were variable for both Cereus species (trnL intron, petL-psbE, and PhyC), of which only the nuclear gene exhibited similar PICs in both species. For noncoding regions, this estimate was different for each species. The region containing the highest PIC for C. fernambucensis (trnS-trnG) showed no variation in C. hildmannianus. Similarly, the most informative region for C. hildmannianus (atpI-atpH) showed no variation in C. fernambucensis. At the interspecific level, trnS-trnG was also the most variable marker. The only marker that showed no variability in either species was 3'rps16-5'trnk.
Discussion
Of the six most informative noncoding plastid regions selected from Shaw et al. (2005 Shaw et al. ( , 2007 , four revealed usefulness at low taxonomic level in Cereus. For C. hildmannianus, the trnL intron contained the lowest intraspecific information, in agreement with Shaw et al. (2005) . However, this marker had a high PIC in C. fernambucensis and many informative characters that separate the two Cereus species. Similarly, for the nuclear gene PhyC we found low PIC values, haplotype numbers, and nucleotide diversity at the intraspecific level, but considerable information between species. Based on our results we suggest the use of PhyC and three plastid markers: trnS-trnG, the trnL intron, and petL-psbE for phylogenetic purposes among species of Cereus. We suggest using trnS-trnG for further intraspecific studies in C. fernambucensis and atpI-atpH in C. hildmannianus.
In Cactaceae, two of the variable plastid regions examined here (trnS-trnG and atpI-atpH) contained variation at both population and species level in Pilosocereus aurisetus (Bonatelli et al., 2013) . The trnS-trnG region, which exhibited the highest PIC between closely related Cereus species (Table 3) , is also useful for phylogenetic studies within the genus Cereus (RomeiroBrito et al., 2016 e Appendix S1), although a high PIC does not necessarily imply that a region is phylogenetically informative (Korotkova et al., 2014) .
Previous works have screened a number of noncoding regions in plants to find appropriate markers for various taxonomic levels (S€ arkinen and George, 2013; Korotkova et al., 2014; Shaw et al., 2014) . The main picture that emerges from these results is that the evolutionary rates of plastid regions are highly variable and different markers are found to be the most appropriate for phylogeographic studies, according to the focal group. This highlights the unpredictable variability of markers, as is found here in the case of closely related Cereus species.
In angiosperms, eight consistently variable noncoding plastid regions are suggested for an initial screening at low taxonomic level, or alternatively, looking for some of the most variable plastid regions from the major lineage as closest as to the focal group (Shaw et al., 2014) . Although this may be useful general advice, emerging evidence suggests that researchers should not rely exclusively on it. In the current study, the four regions (psbD-trnT, atpI-atpH, trnS-trnG, and trnT-trnL) that were among the most variable at the species level in one Cereus species showed no variation in the other species investigated, demonstrating the lack of predictability in sequence variation among these markers. Similar to the results reported here, S€ arkinen and George (2013) found that different levels of variation in plastid markers between two closely related Solanum Table 2 Sequences of primers used to amplify noncoding plastid DNA markers and the nuclear gene PhyC in Cereus fernambucensis and C. hildmannianus. clades (Solanaceae) indicated a narrower applicability of family-specific screening by demonstrating the unpredictable variability of these markers. Likewise, in Pyrus (Rosaceae), the variability of the fastest evolving plastid regions is also lineagespecific, suggesting that the mutational dynamics of plastid genomic regions may follow their own path in different lineages (Korotkova et al., 2014) .
Nuclear markers were proven useful for inferring phylogenetic resolution at the interspecific level in other plant groups (Hughes et al., 2006) . Whenever possible, the choice of low copy nuclear genes jointly with cpDNA markers may improve resolution for phylogeographic and phylogenetic analyses, since cpDNA markers only reflect the maternal lineages and might also fail to provide sufficient resolution (Sang, 2002; Hughes et al., 2006; Zimmer and Wen, 2012) .
In Cactaceae, a higher resolution at deep nodes has been demonstrated when PhyC is combined with markers of uniparental inheritance (chloroplast and mitochondrial) (Butterworth and Edwards, 2008; Arakaki et al., 2011) . However, low or absent variation for this region at the interspecific level in several genera of cacti (PereskiaeButterworth and Edwards, 2008; OpuntiaeHelsen et al., 2009; PilosocereuseBonatelli et al., 2014) shows the unpredicted nature of variability and phylogenetic information for this gene. Aside from the lack of predictability in noncoding plastid sequences and phylogenetic information from PhyC, we found relatively low PICs in both cactus species (Table 3) . In plants, the lack of resolution among closely related species may be due to adaptive radiations resulting in short evolutionary histories and low sequence divergence even in rapidly evolving non-coding DNA (Small et al., 1998) . Following this, the relatively low PICs for C. fernambucensis and C. hildmannianus could be due to a recent diversification in Cereus (Romeiro-Brito et al., 2016eAppendix S1). This may be a common pattern in the family Cactaceae, whichedespite its present high diversityedid not begin to diversify extensively until relatively recently (c. 10e5 Ma, Arakaki et al., 2011) .
In summary, for obtaining phylogenetic information at low taxonomic levels (among closely related species and populations) we emphasize the importance of thoroughly searching for informative molecular regionserather than simply choosing a region proposed by cross-taxonomic surveys. This applies even at the interspecific level, as highlighted by the unpredictable sequence variation between C. fernambucensis and C. hildmannianus. Independently of methodological approach chosen (e.g., first or next-generation sequencing), this should be one of the first steps in experimental design for molecular studies. For building robust and well resolved phylogenetic and phylogeographic hypotheses it remains crucial to invest time and care on the choice of sequencing regions. 
